The capacity to anticipate and prepare for future events is thought to be critical for cognitive control. Dominant accounts of cognitive control treat the developing system as merely a weaker version of the adult system, progressively strengthening over time. Using the AX Continuous Performance Task (AX-CPT) in combination with high-resolution pupillometry, we find that whereas 8-year-old children resemble adults in their proactive use of cognitive control, 3.5-year-old children exhibit a qualitatively different, reactive form of cognitive control, responding to events only as they unfold and retrieving information from memory as needed in the moment. These results demonstrate the need to reconsider the origins of cognitive control and the basis for children's behaviors across domains.
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cognitive development ͉ context processing ͉ pupillometry ͉ reactive control ͉ proactive control A lthough sometimes derided as ''creatures of habit,'' humans develop an unparalleled ability to adaptively control thought and behavior in accordance with current goals and plans. Dominant theories of cognitive control suggest that this flexibility is enabled by the proactive regulation of behavior through sustained inhibition of inappropriate thoughts and actions (1, 2) , the active biasing of task-relevant thoughts (3) (4) (5) (6) , or construction of rule-like representations (7) (8) .
Theories of the developmental origins of cognitive control converge in positing that children engage these same proactive processes, but in a weaker form, with less strength or stability (9, 10) , less resistance toward habitual responses (1, 2), or degraded complexity (8, 11) . For example, according to one influential theory (8) , developmental change in cognitive control is driven by ''age-related improvements in the complexity and scope of children's intentional, top-down processes.'' Similarly, dynamical systems accounts posit that deficits in cognitive control-as revealed by inappropriate reaching in putative object permanence tasks-arise ''from the same multiple processes that produce goal-directed reaching at any age'' (emphasis in original; ref. 10) . Finally, neural network models have simulated developmental improvements in cognitive control via parametric increases in the strength of recurrent connections for maintaining task-relevant representations (9) .
However, children can be notoriously constrained to the present (e.g., refs. 12 and 13), raising the possibility that the temporal dynamics of immature cognitive control are fundamentally different from that of adults. Specifically, we hypothesized that young children may show ''reactive'' as opposed to ''proactive'' context processing (14) (15) (16) (17) , characterized by a failure to proactively prepare for even the predictable future (18) and a tendency to react to events only as they occur, retrieving information from memory as needed in the moment. For lack of age-appropriate methods, the possibility of this qualitative developmental shift has not been directly tested.
Here, we distinguish proactive and reactive mechanisms by adapting a paradigm previously used at the other end of the lifespan: the dual-response expectancy AX-CPT (Fig. 1A) . Modifications to the AX-CPT enhanced task understanding and sustained attention (see Materials and Methods), allowing us to test unprecedentedly young children (in previous work, the youngest to complete the expectancy AX-CPT was a 5.11-year-old) (19) and to measure mental effort through pupillometry (20, 21) .
In the AX-CPT, subjects provide a target response to a particular probe (''X'') if it follows a specific contextual cue (''A''). Nontarget responses are provided to other cue-probe sequences (''A'' then ''Y,'' ''B'' then ''X,'' or ''B'' then ''Y''), each occurring with lower probability than the target pair.
This asymmetry in trial type frequency is critical for revealing distinct behavioral profiles for proactive versus reactive control (22) . Proactive control supports good BX trial performance at the expense of AY trials. Maintenance of the ''B'' cue supports a nontarget response to the subsequent ''X'' probe; however, maintenance of the ''A'' cue leads to anticipation of an X and thus a target response (due to the expectancy effect cultivated by the asymmetry in trial type frequencies), which can lead to false alarms in AY trials (23) (24) (25) . Reactive control leads to the opposite pattern. The preceding cue is retrieved when needed, that is, in response to ''X'' probes but not to ''Y'' probes. Such retrieval renders BX trials vulnerable to retrieval-based interference; the lack of such retrieval on AY trials means that false alarms are less likely in this case. Similarly, proactive control should lead to increased delay-period effort, whereas reactive control should lead to increased effort to probes.
Likewise, the requirement to respond on nontarget trials is also critical for dissociating proactive and reactive control. For example, because difficulty with AY trials reflects proactive control, correct responses should be more likely on slow than fast trials, where faster responses indicate response preparation in advance. In contrast, correct responses on BX trials may reflect proactive use of the B cue and therefore should be more likely on fast than slow trials. These effects are not predicted of reactive control, in which advance preparation of responses does not occur. Similarly, proactive control should lead to correlations among an individual's reaction times on nontarget trials that share the same cue (BX and BY trials) but not those that share the same probe (AY and BY trials), whereas reactive control should lead to correlations between those that that share the same probe but not those that share the same cue. Therefore, reactive and proactive control yield these dissociations only in the dual-response expectancy AX-CPT.
If young children only react to the future as it unfolds, then this task should reveal exclusively reactive mechanisms in 3.5-yearolds, contrasting with 8-year-olds who begin to recruit proactive, adult-like parietofrontal mechanisms in tasks requiring cognitive control (26) . The results confirmed our predictions: Although both groups of children demonstrated an ability to understand and follow the task rules, 3.5-year-olds performed in a reactive way, whereas 8-year-olds performed in a proactive way. These differences were evident in reaction times, pupillometric indices of mental effort, and conditionalized accuracy (Table 1 ).
Results
As fully described in Materials and Methods, children understood the task rules and were capable of following them. First, the instructions were repeated for each trial type until children responded correctly. Second, all children correctly responded on all trial types during a subsequent verification phase. Third, performance was above chance overall and on the AX and BY trials that reflect task understanding independent of context processing. Finally, we minimized the chances that perseverative responding was driving the observed effects by excluding all children with Ͻ60% accuracy on BY trials, yielding an average accuracy of 83% across all trial types and 87% on BY trials. Similar patterns were observed in the larger group, and the main findings were unaffected by this performance-based filtering.
Pupillometry: Group Differences. Moment-by-moment changes in the temporal dynamics of control were assessed with the taskevoked pupillary response, a measure known to correlate with mental effort across ages and tasks (27) due to cortical modulation of the reticular formation (21) . Notably, 8-year-olds showed increased delay-period effort, reflecting proactive maintenance of context in preparation for the subsequent response ( Fig. 2A) . In direct contrast, 3.5-year-olds showed relatively greater probe-period effort, reflecting the retrieval of contextual information. Indeed, a pronounced reactive peak was observed particularly in BX trials (Fig. 2B ) precisely when reactive control is required to override a prepotent target response. This pattern of results closely resembles an age dissociation at the other end of the lifespan, whereby young adults show greater proactive prefrontal cortical activity to cues whereas older adults show greater reactive activity to probes (28) .
Reactive control is characterized by transient rather than sustained effort, and individual subjects may differ in the onset, offset, and duration of this transient effort. Consequently, traditional time-series pupillometry analysis at the group level may underestimate reactive control efforts by averaging across asynchronous peaks of transient mental effort and thus washing out the effect in aggregate time-series analysis. To address this problem, we calculated the coefficient of variation in pupil diameter (CVPD) during each trial phase ( Fig. 2C ) for each subject, thereby measuring instability in pupil diameter irrespective of its synchrony between subjects. Reactive control should yield increased effort expenditure on encoding and retrieval; accordingly, 3.5-year-olds showed less CVPD during the delay period both relative to 8-year-olds [t (50) [23] [24] [25] . As expected, greater context sensitivity was associated with relatively less need for cognitive effort during the probe period among 8-year-olds (Pearson's r ϭ Ϫ0.361, P Ͻ 0.05), whereas 3.5-year-olds showed the opposite but nonsignificant trend (Pearson's r ϭ 0.273, P ϭ 0.23). The contrasting relationships between context sensitivity and probeperiod effort across age groups was confirmed by a significant difference in these correlations (Fisher's z ϭ 2.18, P Ͻ 0.03). In addition, context sensitivity increased with age [t(1,55) ϭ 9.01, P Ͻ 0.01], perhaps reflecting the benefits conferred by proactive control.
Reaction Time Analyses: Group Differences. In terms of reaction times (RTs), proactive control should incur a cost on AY trials (due to advance preparation of an incorrect target response that must then be overridden) but lead to a benefit on B trials (due to advance preparation of a nontarget response).* Indeed, 8-year-olds were more slowed on AY than on BX and BY trials [F(1,33) ϭ 45.62, P Ͻ 0.01 and F(1,33) ϭ 58.75, P Ͻ 0.01, respectively], whereas 3.5-year-olds showed no differential slowing on these trials (P's Ͼ 0.15). A significant interaction with age indicates that 8-year-olds showed significantly more proactive control than 3.5-year-olds [F(1,50) ϭ 7.55, P Ͻ 0.01].
Reaction Time Analyses: Individual Differences. Individual differences in RT on the nontarget BY trials were differentially predictive of individual differences in AY and BX RT depending on age group. Because reactive control is associated with probedriven processing, individual differences in RT on trials with Y probes should correlate under a reactive regime: Both trial types involve controlled processing of the Y probe (and perhaps some attentional capture, due to the Y probe's rarity). Consistent with this prediction, only 3.5-year-olds showed a significant correlation between Y probe RTs, after controlling for general reaction time to AX trials (3.5-year-olds, Pearson's r ϭ .587, P Ͻ 0.02; 8-year-olds, Pearson's r ϭ Ϫ0.12, P Ͼ 0.5). A Fisher z test indicated that these correlations were significantly different (z ϭ 2.23, P ϭ 0.01).
Conversely, proactive control is associated with cue-driven processing; in that case, individual differences in RT on trials with B cues should correlate, because both trial types involve controlled processing of the B cue. Accordingly, only 8-year-olds showed a significant correlation between RT on trials with B cues after controlling for general reaction time to AX trials (3.5-year-olds: Pearson's r ϭ .129, P Ͼ 0.6; 8-year-olds: Pearson's r ϭ 0.8, P Ͻ 0.01). Again, a Fisher z test indicated that these correlations were significantly different (z ϭ 2.70, P Ͻ 0.01). We constructed ballantines to illustrate the overlapping variance among AY, BX, and BY trial reaction times (Fig. 3) using squared semipartial correlations. Negative commonality among all 3 predictors was set to zero (as in other commonality analyses; refs. 29 and 30) and is therefore not illustrated.
Additional evidence for a qualitative shift from reactive to proactive control is provided from conditionalized accuracy and other analyses (see SI Text).
Discussion
By dissociating proactive and reactive control mechanisms in children, our findings call into question a previously untested *RTs on correct AX trials are uninformative, because they can reflect either prepotent responding or proactive preparation of a target response. assumption of developmental theories of cognitive control, that is, relative to young adults, weaker but qualitatively similar control processes guide the task performance of children. Of course, children and even infants may be capable of sustaining context representations over shorter delays than the 1.2 s used here, but such limited proactive mechanisms would seem unlikely to strongly influence most behaviors. Further research is needed to determine the processes that drive the developmental transition from reactive to proactive control. This qualitative shift could reflect genuinely qualitative changes, for example, in metacognitive strategies that allow children to engage proactive control (31) . Alternatively (or additionally), the underlying mechanisms for this qualitative shift could be continuous. For example, the gradual strengthening of task-relevant representations (9) could allow proactive control to become effective, thus supporting a shift in the temporal dynamics of control. In any case, the developmental progression to be addressed is a shift from reactive to proactive control rather than merely positing incremental improvements with development.
These results reflect dual methodological advances, establishing the utility of both pupillometry for assessing the temporal dynamics of cognitive control and the AX-CPT for use in preschoolers. These findings may also shed light on the profound disruption of prefrontal development resulting from early hippocampal damage relative to that occurring later (32) : reactive control may engage prefrontal mechanisms in conjunction with hippocampal recall mechanisms (ref. 14, cf. ref. 33) , such that young children's dependence on reactive control contributes to the dependence of prefrontal development on hippocampal integrity early in life.
More generally, this evidence indicates the need to reconsider the mechanisms guiding a wide variety of children's behaviors and the implications for improving performance. Failures of reactive control, in the absence of proactive mechanisms, might explain children's difficulties in switching from one task to another (34) , reasoning about others' thoughts (35) , and thinking outside of the moment (12, 13) . In each case, children may fail to engage the reactive control that is needed to respond appropriately, due to insufficient conflict at the moment that retrieval of relevant information is required. Further, even if reactive control is engaged, children may mistakenly retrieve incorrect information due to retrieval-based interference. For example, in the widely used appearance-reality and false-belief tasks meant to assess reasoning about others' thoughts, the beliefs of others are based on a preceding situation that is visually similar to the child's current context, thereby increasing interference on the retrieval of the preceding context on which others' thoughts are based. From this perspective, children's performance across domains is less likely to be improved via manipulations that rely on proactive control, such as repeating instructions that must be maintained (34) , than by manipulations aimed at supporting reactive control, such as highlighting conflict to increase the chances of engaging reactive control (36) and using distinctive contexts to reduce retrieval-based interference (37, 38) .
In conclusion, a dependence on reactive control may explain why even highly capable children show an apparent inability to heed warnings or instructions if they pertain to a context that is cognitively distal, previously unassociated with conflict, or highly similar to other contexts.
Materials and Methods
Participants. Thirty-four 3.5-year-old (M ϭ 3.58 years, SD ϭ 7 days) and thirty-four 8-year-old (M ϭ 8.38 years, SD ϭ 3.6 months) children were recruited using a participant database and completed the expectancy AX-CPT. Fourteen additional 3.5-year-old children were excluded for completing Ͻ20 trials in the AX-CPT (n ϭ 10) or for failure to cooperate with the experimenter (n ϭ 4). Two additional 8-year-old children were excluded for mental illness reported by the parent (n ϭ 1) and experimenter error (n ϭ 1). Parents received $5 compensation for travel expenses, and children were given a small toy.
Procedure.
A child-adapted AX-CPT was modified from the standard dualresponse expectancy task to improve engagement, task understanding, and sustained attention. First, the AX-CPT's abstract letter stimuli were replaced with popular cartoon characters and the instructions took the form of character preferences. For example, subjects were told, ''Spongebob likes watermelon, so press the happy face when you see Spongebob and then the watermelon,'' and, ''Blue doesn't like the slinky, so press the sad face when you see Blue and then the slinky.'' The pairings of characters, objects, and preferences were all counterbalanced. The target and nontarget buttons appeared only with the presentation of each probe; therefore, subjects responded only to probes, as in other versions of the expectancy AX-CPT (39, 40) , preventing premature responses.
To ensure that subjects understood the instructions and were capable of following rules, a ''verification'' phase followed, during which each of the cue-probe pairs was presented. Subjects then responded to each pair of stimuli before moving on to the next pair. If subjects responded incorrectly, then the relevant rule was repeated (''Remember, when you see [A,B] and then you see [X,Y] , tap this button [appropriate button blinks] as quickly as you can!'') and subjects were allowed to try again.
Sustained attention was encouraged with 3 additional modifications. First, a ''score bar'' appeared at the top of the screen and incremented after the completion of each trial. Second, children were given limited time to respond, after which the trial was terminated and the child was asked to respond more quickly. On the basis of pilot work showing that most 3.5-year-old children could respond within 5 s when attentive, this allowable response time was initially set to 6 s and was thereafter adjusted using an adaptive tracking procedure such that children had to respond within 150% of their mean RT on the previous 8 trials. If subjects did not respond within the allotted time, then the image of a sleeping alarm clock appeared, and subjects were told, ''Oops! Too slow. Try to tap the button faster next time.'' Third, verbal feedback was provided after each timely response, either ''Good job!'' (for correct responses) or ''Remember the rules!'' (for incorrect responses).
Stimuli were displayed via computer using E-Prime (version 1.1), and all responses were collected through a MagicTouch touchscreen interface. Participants were instructed to use a ''magic pointing stick'' to respond on the touchscreen. A Tobii x50 eyetracker recorded pupil diameter under constant illumination every 20 ms between the onset of cues and the provision of a response. Cues were presented for 500 ms, followed by a blank delay interval of 1,200 ms, followed by the presentation of a probe stimulus and the 2 response buttons for the allowable response time. Each block consisted of 30 trials, after which children were provided with a congratulatory image on the computer, a small prize, and then encouragement to complete another block of trials. The task concluded when children expressed and confirmed a desire to stop; this possibility was checked at the conclusion of every block.
Data Trimming and Transforming. Responses made Ͻ200 ms after the presentation of the probe were removed from the analysis, resulting in the exclusion of Ͻ1% of all trials. As in previous work (28) , average RTs from correct trials on each trial type were z-transformed with respect to each subject's grand mean RT across all correct trials to increase statistical power and correct for individual differences in overall processing speed.
Pupillometry was limited to the first 4.5 s of data from correct trials where both eyes were successfully tracked, and measurements were averaged into consecutive 60-ms bins. To control for any effects of age-related differences in baseline pupil diameter on pupil variability, all pupil measurements were transformed with respect to each subject's mean pupil diameter in one of two ways: For time-series analyses, the data were transformed into percentage change from the subject's grand mean across all recorded samples. For repeated-measures analyses, the data were transformed into the standard deviation/mean ratio of each subject's pupil diameter (i.e., the CVPD) during the cue, delay, and probe periods.
Preliminary Analyses. The 3.5-year-old children completed 44 trials on average, and the 8-year-old children completed 103 trials on average. Although younger children completed fewer trials than older children, similar patterns were observed when analyzing only the first 44 trials completed by 8-yearolds, demonstrating that the observed reactive-to-proactive shift is not driven by the difference in the number of trials completed by each age group.
Both groups provided sufficient data to confirm an ability to follow rules and reveal converging evidence for distinct dynamics in cognitive control. First, before the testing phase, all subjects successfully completed 12 practice trials, confirming they could understand and follow the task rules. Second, accuracy was significantly Ͼ50% overall [t(67) ϭ 24.69, P Ͻ 0.01], and for each age group individually [3.5-year-olds, t(33) ϭ 14.41, P Ͻ 0.01); 8-year-olds, t(33) ϭ 99.8, P Ͻ 0.01]. Although 70% accuracy could be achieved simply by perseverating on the target response (due to the preponderance of AX trials), BY trial accuracy was also significantly Ͼ50% overall [t(67) ϭ 8.94, P Ͻ 0.01] and for each age group individually [3.5-year-olds, t(33) ϭ 2.59, P ϭ 0.01; 8-year-olds, t(33) ϭ 120.17, P Ͻ 0.01], indicating that children were not simply perseverating.
Finally, we minimized the chances that perseverative responding was driving the observed effects by excluding all children with Ͻ60% accuracy on BY trials, yielding a total of twenty-three 3.5-year-olds and thirty-four 8-yearolds for inclusion in the analyses. This performance-based filtering of 3.5-yearolds yielded an average accuracy of 83% across all trial types and 87% on BY trials (above chance according to a conservative binomial test; z ϭ 4.34, P Ͻ 0.01). Similar patterns were observed in the larger group, and all of the figures and analyses reported in Results and the SI Text refer to this smaller group. Thus, the distinct patterns observed in proactive and reactive controls are not driven by a failure to understand the task rules or a more general difficulty in following rules.
